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ABSTRACT 

A summary is given of the work of this project over its three 
years of existence. Techniques for measuring particle diameters of the 
order of 300°A were studied, and the electron microscope and x-ray dif- 
fraction line broadening selected as the most suitable. As an outgrowth 
of this work, the effects of strain on x-ray line broadening were studied 
in greater detail. Low temperature annealing of carbonyl Fe was chosen 
as a convenient system to study for this purpose. 

A technique for producing Fe particles under thoroughly con- 
trolled conditions was worked out. With this technique, it was shown that 
during low temperature reduction one Fe oxide crystallite produced one 
Fe particle. This result should make possible formation of Fe particles 
of controlled shape as well as size. 

The interactions between single-domain particles in compacts 
were studied, and it was shown that local interactions between particles 
in clumps probably play a major role in determining the magnetic pro- 
perties of the compacts. A method of taking these interactions into 
account was outlined, although this work really has only begun. 

Estimates of the properties of FeBe„ single-domain particles 
have indicated that interesting permanent magnet properties ' flight be 
produced. Grinding of bulk material of the proper phase did not produce 
small enough particles. A reduction method for producing smaller 
particles was suggested, but not. explored sufficiently to permit an 
evaluation. 
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1. INTRODUCTION 

1.1 Purpose 

More and more, relationships that exist between the structures 

of ferromagnetic materials and their magnetic behavior are coming to 

light. It is the purpose of this program to study these relationships 

in the case of permanent magnet materials. In particular, the relation- 

ship between coercive force and particle size in fins powders will be 

given special emphasis. 

1.2 Scope 

To investigate the fundamental properties of permanent magnet 

materials. 

1.3 definition of Terms 

The symbols used in this report will be listed and defined 

here: 

I Volume magnetization. 

I  Saturation volume Magnetization cf a specimen for infinitely 

large fields. 

I  Saturation volume magnetization of the particles in a 

specimen. 

f Volume fraction of a specimen occupied by the ferromagnetic 

phase. In general f •» I /I . r B s' o 

I  Remanent volume magnetization, at zero applied field, 
r 

B  Magnetic induction in a specimen. 

^•H^^* 
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B Remanent induction, m Lit 1 . 
r r 

H Applied magnetic field strength. 

H* Total local field, usually taken H + ^ o  3 * 

I c Intrinsic coercive force, for zero I. 

B c Coercive force, for zero B; 

K Effective magnetic anisotropy energy constant, containing 

all contributions to anisotropy of magnetic energy. 

p Density of specimen* 

T Curie temperature. 

k Boltzmannts constant* 

I ' 
2. SUMMARY jnj PROJECT ACCOMPLISHMENTS 

2.1 Introduction 

This report comes at the end of three years of a program study- 

ing the magnetic properties of single domain powders conducted under 

ONR sponsorship. The project hiis been extended for several months, hut 

for roost phases of the work, • <.i..•  report will stand as the final report. 

For the next several months, work will be conducted on the reduction 

process used for tht prop* ration of Fe powders, and a report will be 

issued then covering that work in detail. 

This pro.lec'' >us been based upon p. study of the magnetic prop- 

erties of single domain powders. Within this project, the work has 

been concentrated on two broad tasks. One is the study of the behavior 

of single (k<*t."»in particles, comparing predictions of domain theory to the 

experimental facts, The other involves a st^dy of the properties of alloy 

systems capable of producing strong permanent magnets by reduction to 

single domain particlefa^ The major accomplishment lies in the field of 

the first task. 
- 2 - 
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2.2 behaviour of Single-domain partislaa 

The work of this first phase concentrated on single domain Fe 

powders. It involved the following steps: 

(1) Preparation of single domain Fe powders. 

(2) Heasvrement of the chemical composition and physical 

properties, such as particle size, density, etc., of 

the powders. 

(3) Measurement of the magnetic properties of suitable 

compact?, 

(4) Interpretation of those magnetic properties in terms of 

domain theory. 

Early work on the project was concentrated on developing tech- 

nique for particle size analysis of this very fine powder (the single 

domain Fe particles are of the order of 300A in diameter). It was shown 

that vapor phase sedimentation could not be used to measure the particle 

size because during the settling process the particles reclumped badly. 

This work is reported in detail in report 1-2236-1. A detailed study 

was made of the use of three more or less complimentary techniques for 

studying particle sizes in this range. These involved ths use of the 

electron microscope, the broadening of x-ray diffraction lines and the 

adsorption of nitrogen. This work is reported in detail in report 

P-2236-8. It was found that the electron microscope and x-ray dif- 

fraction techniques gave results in agreement with each other, but that 

the nitrogen adsorption technique was unreliable for the measurement of 

these particle sizes. The x-ray diffraction technique is a good rapid 

method for measuring comparative sizes where the particle size distribu- 

tions are comparable from one powder to inother, but in order to obtain 

complete particle size distributions the electron microscope must be used. 

/ 

- 3 - 
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The broadening of x-ray diffraction lines can be caused by 

lattice strains as well as by small crystallites. This effect was 

especially noticeable in fine carbonyl Fe. It «*s shown that particle 

size and strain broadening could be separated in "as prepared" carbonyl 

Fe. Annealing caused strain relief first, followed by crystal growth 

at higher temperatures (>350*C). 

For the preparation of the single domain powders, the reduction 

of ferrous formate was chosen as the most suitable method. A simple 

technique for the preparation of ferrous formate was set up (P-2236-6). 

Attempts to reduce the ferrous formate in a stream of hydrogen led to 

uncertain results, especially when the masses used involved more than 

a few grams of Fe (P-2236-9). Instead, a reduction technique was 

developed in which the ferrous formate was first thermally decomposed 

to an Fe oxide whose composition was approximately FeO, The FeO was 

then reduced at low hydrogen pressures, using calcium hydride intimately 

mixed with the FeO powder to absorb the H?0 produced by the reduction 

(P-2236 10). A detailed study of the reduction process was made in order 

to learn more about Lhe factors controlling the size and shape of the final 

Fe powder. This study has not been completed, but will be fully reported 

in a special report at the conclusion of the program. The major con- 

clusion from the work, however, is that each FeO crystallite produces one 

Fe particle. 

The FeO resulting from the therr^l decomposition of the ferrous 

formate has been reported to possess a spinel lattice ', and to contain 

only ferrous Fe. Evidence gained in this program, given in detail below, 

indicates rather strongly that this interpretation is erroneous. The 

magnetic properties of the oxide corresponds closely to a mixture of 

Fe.,0, plus a non-magnetic phase. This phase, upon the evidence of chem- 

ical analysis, is thought to be Fe GO finely divided that it does not 

contribute to the magnetic properties. 

- 4 - 
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The degree of reduction has some influence on the magnetic prop- 

erties of these single domain powders. High metal content result? in 

a high saturation moment. On the other hand, there is not much effect 

noticed on the coercive force. This hab been previously discussed in 

Quarterly Progress Report P-2236-10, and further work will be reported 

below. Once the single domain powders are formed, however, reoxidation 

does seem to be important. This is true for both the loose powders, 

and for the pressed specimens. The effect is most noticeable in the 

coercive force, but reoxidation also tends to reduce the saturation moment. 

Studies have been made involving the use of carefully dried benzene to 

preserve the powder, and impregnation of the compacts with a resin. These 

effects are reported in more detail here. 

No real attempt has been made in this program to obtain the 

highest (BH)   possible. The best values obtained were for a specimen max * o 
pressed at 80 tsi, and were of the order of 0.95 x 10 t<rgs/cm . 

A study was made of the shapes of the hysteresis loops of com- 

pacts of these single domain Fe powders. Although this study is not 

complete, the results to date will be reported here. Earlier work was 

done on compacts of a carbonyl Fe, designated P-818, obtained through the 

generosity of the General Aniline and Film Corporation. The particles 

of this powder were approximately one micron in diameter, which is far 

larger than for single domain powder. Furthermore, according to the 

results of this study, and also according to the manufacturer, these 

particles tended to be agglomerated in chains several microns long. 

This work was reported in Quarterly Progress Report P-2236-6 and P-2236- 

9, and 1-2236-2. The magnetization curves of these powders could be 

accounted for in terms of the quasi-ellipsoidal nhape of the agglomerates, 

assuming that interaction between these clumps was through a Lorentz 

field. Similar studies have been made using (l) a single domain Fe, 

diluted with a very fine SiO powder and pressed into compacts; and 

- 5 - 
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(2) similar compacts made by mixing in various proportions a five micron 

carbonyl Fe with finely ground Ferroxdure. The carbonyl Fe was General 

Aniline and Film's "HP". Ferroxdure is a commercial oxide permanent 

magnet material, whose chemical composition is roughly BaFe 0 „. This 

material was obtained through the generosity of the Ferroxcube Corporation, 

The expfirijnental data obtained in these studies included the normal in- 

duction curve, the hysteresis loop, and the approach to saturation, as 

well as compact density, chemical composition etc. The interpretation 

of the shapes of these loops is still incomplete. A detailed report 

of the progress will be included here. 

2.3 Alloy Systems 

The emphasis during this program on the first phase allowed 

only a start on the second, involving the study of single domain alloy 

powders. Preliminary experiments indicated that fine powders whose 

compositions were close to FePt could be prepared by reduction of FePtCl,. 

Coercive force of such powders was of the order of 500 Oe. This material 

i was not explored further. Domain theory combined with what data is 

[ available in the literature indicated that powders of composition of 

FeBe„ should possess coercive forces of the order of several thousand 

! Oe in the single domain range. Melts were prepared with this composition, 

1 and reduced by grinding to particles with diameters down to about a 

i micron. For these particles, the coercive force rose to about 68 Oe for 

the smallest diameters. The calculations show, however, that the critical 

I diameter for single domain behavior should be in the neighborhood of 

300 X. In order to achieve the high coercive forces possible, particles 
1 with diameters in this range would be necessary. Although the material 

is quite brittle it was found to be impossible to produce powders smaller 

1 than about one micron by grinding. It was planned to attempt to prepare 

finer particles by reducing FeBe0 (CN),, but active work was not started. <. o 

This work will be summarized in more us tail below. 

- 6 - 
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3.    PRESENT PROGRESS 

3.1    The Nature of y -FeO 

In the preparation of the single domain Fe powders, ferrous 

formate is thermally decomposed in vacuo at temperatures between 220 

and 250°C. The resulting product is a black ferromagnetic powder whose 

particle diameter is of the order of 100 to 300 X. The chemical com- 

position corresponds roughly to FeO, although a considerable amount of 

carbon is present. This oxide has been described by Lihl  , who showed 

that the x-ray diffraction pattern was that of a spinel lattice, almost 

identical to Fe.O.. Lihl decided that this material was a new crystal 
5 k 

modification of FeO, and named ity-FeO. As was previously noted, however, 

our vrork has indicated that it is probably a mixture of Fs_0, and very 

finely divided Fe. 

The specimens were analyzed chemically. The first step involved 

'•oluuion in 20$ H_S0. , under a protective atmosphere of N„ or C0„ to 

prevent oxidation of the ferrous Fe. At this stage, the carbon was ob- 

served as an insoluble black powder which could be filtered off and 

weighed. The carbon content was about 1 Wt. %.    Upon ignition of the 

asbestos filter used, this black powder disappeared completely. The 

H?30, solution containing the dissolved specimen was analyzed for ferrous 

ion by titrating with KMnO,, and for ferric ion by adding Kl and back 

titrating with Na_S?0 in the presence of starch as an indicator. 

One specimen, FeO-114, was found on analysis xo  contain 96$ 

FeO, and 3%Fe,p  . This corresponds to a composition FeQ QQ0. The Curie 

point of this specimen, sealed in YSCWMR ir. • Vyrtor ttihc, was measured in 

a BH curve tracer. The high coercive force (approximately 200 Oe) 

arising from the fine particle size, and the small sample available made 

the measurements rather imprecise. The Curie temperature was observed 

- 7 - 
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to lie between 530° and 580°C. The Curie point of Feo0,  
; is about 

578°C, so that FeO-114 possesses a Curie point in the same range as does 

Fe_0.. At low temperatures(abovt -160°C), Fe_0 exhibits a magnetic 

transition in which the magnetization measured at intermediate fields 
(3) suddenly drops in magnitude. Verwey and Haayman   attributed this 

transition to the development of order among the electrons on the ferrous 

and ferric ions occupying the octahedral lattice sites in the spinel 

structure. This transition is quite typical of Fe.O, and ferrites pos- 

sessing ions with several oxidation states. When one considers the 

electronic interpretation of the mechanism of this transition, one should 

not expect it to appear in the y-FeO, since this possesses only ferrous 

ions. However a very distinct transition was found in FeO-114. Figure 3.1 

'. 

o 
to 

t    1.5 

z 
o 

»    1.0 < 

< 

FIG. 3-1— MAGNETIC     TRANSFORMATION 
OF    Fe304    AND   y-FeO 

-100 -so 

TEMPERATURE    (°C) 

SO 
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shows the data for the peak magnetisation measured in the curve tracer as 

a function of temperature for both a powdered Feo0, and for Fe0-"!14. 

The peak field strength in the curve tracer was about 230 Oe. Because 

of the high coercive force of FeO-114* the magnetization vduea observed 

were very much lower than those found with the Fe_0 , but the transition 

shows quite distinctly in both, at about the same temperature, and with 

a drop in magnetization of about the same relative amount. Because of 

the high coercive force of the FeO-114» loose powders simply packed in 

a tube tended to rotate physically to follow the field. This tendency 

obscured the transition somewhat. However, by fixing the particles in 

D"-;o cement, it was possible to prevent thi3 rotation, and the data in 

Figure 3-1 was obtained. A distinct change in the shape of the hysteresis 

loop took place as the material passed through this transition. Figure 

3-2 shows the hysteresis loops observed for the Fe^0;, loose FeO-114, and 

fixed FeO-114, at temperatures above and below the tr.'insition. In each 

case, there is a marked change,in which the loop becomes more square, 

and a general lowering of the average slope of the loop occurs. This is 

visible even with loose FeU-114. For FeO-114, -151°C is the middle of 

the transition. 

A second specimen of this Y~FeO was compressed into a bar at 12 

tsi. Chemical analysis indicated that the Fe was present as a mixed 

oxide corresponding to 86 wt %  FeO and 14 wt %  Fe20^. The saturation 

moment of a pressed bar of this material was measured in the permeameter, 

and was converted to magnetic moment per Fe atom using the density and 

chemical composition of the bar. Since the Curie point of this material 

is about the same as that for Fe.,0., this magnetic moment was extrapolated 

to 0°K by assuming the same ratio of the moment at room temperature to 
(2) 

that at 06K as is found in Fe?0,. Bozorthv ' gives 0.% for this ratio. 

The resulting moment per Fe atom is 0.97 Bohr magnetons. The composition 

of this material corresponds to Fe „,0  . If only three of these Fe 

ions contribute to the magnetic moment, then the moment for the Fe„0. 
3 4 

l-WR-,, 

- 9 - 
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REPORT     F-2236 FIGURE    3-2 
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would be 1.2 magnetons per Fe ion, compared to 1.33 normally found In 

Fe_0.. These values are equal within the error introduced by the ap- 
3 4 

proximations of this rough calculation. 

The magnetic properties observed, including Curie point, mag- 

netic transition and saturation moment indicate that the ferromagnetic 

phase present is Fe-0 . The chemical analysis indicates that extra Fe 

must be present. The lack of contribution from this extra Fe to the 

magnetic properties may be due to its very fine particle size. The 

number of effective near neighbors might be too low to maintain 

ferromagnetism. 

X-ray diffraction studies of this "f-FeO indicate that its 

pattern is almost identical to that of Fe 0, . Table 3.1 presents the 
3 *•• 

intensities of the observed lines for two different Y-Fe0 samples and 

for Fe_0., for the latter both observed and calculated from the known 
5  4 

structure. This data was obtained using a G. E. XRD-3 spectrometer with 

a Fe tube and an Mn filter. The powders were either pressed in briquettea 

or pressed loosely into a brass holder. The intensities listed in the 

table are peak intensities. The lines for the FeO samples were quite 

broad, consistent with the fine particle size, so that the intensities 

are not as certain as for the Fe_0. specimen -    Within the error introduced 

by this uncertainty the patterns for the y-YeO  are identical to that of 

the Fe_0,, except that the lattice constant of the Y_FeG appears to be 
(l) 

about 0.1$ smaller than that of Fe„0. . Lihl   also reported a lattice 

constant for v-FeO smaller by about 0.1%  than that of Fe_0.. 
5  4 

A more detailed comparison was made of the observed intensities 

from FeO-114 with those expected for various possible structures corre- 

sponding to the chemical composition FeO, maintaining the appropriate 

symmetry. This composition could be realized in one way by adding extra 

Fs ions to the Fe-0, structure. The unit cell for the Fe.O, consists of 
3 4 3 4 

32 oxygen ions arranged in a face-centered cubic lattice, with the 24 Fe 

ions distributed in a regular fashion <->nong the interstices between the 

- 11 - 
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TABLE 3.1 

X-ray Diffraction Line Intensities for y-FeO and Fe_0, 

A 

f 

Line  (hkl) Fe0-1 FeO-114 Fe_0.   ob3. 
J5   4 

Fe_0.   calc 

111 5 ...._ 7 6.4 

220 24 26 25 28.6 

311 100 100 100 100.0 
3 5 6 7.0 

400 23 22 17 20.6 

422 6 12 4 9.3 

333 18 23 16 29.6 

5>11 

440 26 30 25 46.0 

533 l   3 12.4 

553 7   9 14.0 

oxygen atoms. There are many unoccupied interstices in the Fe_0. structure> 

into which the extra Fe ions might fit. An alternative way of maintain- 

ing the appropriate symmetry and arriving at the observed composition of 

the y-FeO would be to allow 24 Fe ions per unit cell, as in Fe~0., and to 

have vacancies in the oxygen lattice. The first structure would corre- 

spond to a unit cell expressed as Fe.,20 2, 
anc^ ^*e second to a unit cell 

expressed as Feol 0 . in Table 3.2 the observed intensities of FeO-114 

are listed and compared to the intensities calculated for various arrange- 

ments of the Fe and oxygen ions in these two schemes. 

- 12 - 
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The first column lists the diffraction line. The second column 

gives intensities calculated for Feo0/. The third column gives the ob- 

served intensities for FeO-114. The fourth column gives the intensities 

calculated for the Fe„.0_. unit cell, in which oxygen vacancies are 

randomly arranged. In columns five to nine headed A to E, are listed 

intensities calculated for various arrangements of the Fe ions in a 

Fe„p0,2 unit cell, consistent with cubic symmetry. 

In the usual spinel lattice, there are 32 octahedral and 64 

tetrahedral intersticies. Of these, 16 octahedral and 8 tetrahedral are 

occupied in Feo0. . 
J  4 

For the Fe_?0_2 unit cell, 8 ferrous ions must be 

added.  In the fourth column, under the heading A, all these extra 

ferrous ions are in the octahedral sites. Under B, they are divided in 

a ratio of 2:1 octahedral to tetrahedral. Under C, the ratio is 4:4* 

under D it is 16:56, which corresponds to a random distribution; under 

E, all 8 extra ferrous ions are in the tetrahedral sites. The ions 

assigned to the two types of sites are distributed at random within each 

type in these models. For these Fe-pO,- lattices, the (440) line is 

very sensitive to the presence of the extra Fe ions, and appears to rule 

out any of these models, since this is a strong line and the intensity 

disagreements are far beyond experimental error. Similar calculations 

were made for the 4:4 ratio in which the extra ferrous ions were put 

into the two classes of interstices in various ordered fashions consistent 

with the cubic symmetry. In every case, the (440) line disagreed with the 

observed intensity quite strongly. These results make it sesm probable 

that a y_Fe0 structure with a unit cell PSoo^-ao ^s not present. 

For the unit cell containing oxygen vacancies, corresponding 

to Fe2A°2/» there is little change in the intensities from Fe,0,. The 

one exception seems GO be the (222) line, in which the calculated inten- 

sity ic approximately twice the observed. This discrepancy appears to 

0 
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make this structure very Improbable. Lihlfsv~' interpretation of the 

properties of this material called for the presence of the carbon ob- 

served in the chemical composition to stabilize the lattice. This car- 

bon perhaps could occupy the oxygen vacancies. However, his chemical 

analysis would correspond to a unit cell ^oi^a^vS' and would still 

require 7.5 oxygen vacancies per unit cell. The presence of this many 

vacancies in such a lattice seems highly unlikely. 

The cell constant observed for the Y-F*° is slightly smaller 

than that for Fe„0 . This again would tend to eliminate any Fe-gG,, 

structure, in which the oxygen lattice as found in Fe^O, remains intact 

while additional Fe ions are put into the interstices. This io oo ususuae 

the ferrous ion is larger than the ferric ion, and is indeed too large 

to fit comfortably into the tetrahedral interstices. Insertion of the 

extra ferrous ions into tetrahedral sites should expand the lattice, 

not contract it. 

Table 3.3 gives the observed and calculated Fe-oxygen distances 

nd 

from Wyckoff* 

in Fe^O, and a-FeO. The calculations were made using ionic radii taken 
3 k      ,(4) These radii are 

2+ 
Fe 0.80 A 

Fe3+ 0.67 A 

o2- 1.35 X. 

The cell constants were taken as 6.39 A for Feo0. aud 4.33 X for a -FeO. 
3 *• 
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TABLE 3.3 

Iron-Oxygen Distances in Iron Oxides 

Compound 

F«3°k 

Fe3°4 

Fe3°4 

Fe3°4 

a-FeO 

Position 

Tetra-F? 3+ 

Tetra-Fe 

3* 

2+ 

Octa-Fe' 

Octa-Fe 
2+ 

Octa-Fe 
2+ 

Obs. Gale 

1.82 8 2.02 

— 2.15 

2.10 2.02 

2.10 2.15 

2.16 2.15 

i 
I 
I 

/ 

The first column lists the oxide, the second column gives the 

position occupied by the Fe ion, the third column gives the observed 

Fa-oxygcn distances, and the fourth column* gives the distances calculated 

on the basis of the ionic radii, using the appropriate ions listed in 
2+     3+ 

the second column. In Fe„0. , both the Fe  and Fe  ions fit reasonably 
5  4 

well into the octahedral sites, but both are definitely larger than the 
2+ 

available space in the tetrahedral 3ites. Since the Fe  ions have 
3+ 3+ 

larger radii than do the FH  ions, conversion of the Fe  ions in the 
2+ 

tetrahedral sites to Fe , as required for Y_^e^» would result in even 

greater misfit and should produce a cell constant greater than that of 

Fe_0. . This effect is illustrated in the comparison between Fa. 0 and 
J k 5 k 

a-FeO. The 0-FsO possesses the same oxygen lattice as Fe_0. , but all 
2+ j> -+ 

of the Fe  ions are in octahedral sites. The oxygen lattice expands 

slightly, and there is very little misfit between the obs&rved and cal- 

culated distances. Since the magnetic moment for each unit cell of 32 

oxygen atoms is about the same in the v-FeO as in Feo0. , the current 
(5) explanation of the magnetic properties of spinels given by Neel   would 

- 16 - 
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require that four of the extra Fe  ions be distributed in the tetrahedral 

sites and four in the octahedral site3. It thus appears that an Fe _0 „ 

unit cell should be larger than ^e'S>,t  in contradiction to the observation 

that the cell constant of the Y~ FeO is slightly smaller than that of Fe-O,. 

All of the evidence presented thus far suggests that they- FeO 

in reality is a mixture of Fe 0 and Fe, with the Fe present in extremely 

small particles and non-ferromagnetic. A re-examination of the x-ray dif- 

fraction patterns of FeO-llA was made, and the presence of the strong (110) 

O-Fe line was observed, although the line was very broad and very low. 

Fig. 3-3 shows the entire x-ray diagram for FeO-114 with the fl-Fe line 

indicated. In Fig. 3-A. the pattern in the immediate vicinity of this 

line was drawn on the spectrometer with the Geiger counter driven at slow 

speed. The a-Fe line shows quite distinctly as a low, broad, diffraction 

line. It should be noted that this line is close to the background, and 

did not appear distinctly in every pattern. However, it appeared enough 

(in about 75%)  to be unmistakeable. The appearance of this line is quite 

consistent with an extremely small particle size. 

It remains to explain why the chemical analysis did not show the 

presence of this metallic Fe, either in the work here or in Lihlfs work. 

During the initial step of ths chemical analysis, the powders were dis- 

solved in an acid solution. The presence of ferric ion in the solution 

immediately surrounding the particle should have an oxidizing effect upon 

the metallic ion according to the equation. 

2Fe- Fe- 3Fe 2+ 

Since dissolution of the "oowder in acid is also the step used to determine 

the presence of metallic Fe by measuring the amount of hydrogen evolved, 

this proposed reaction would not only mask the presence of ferric ion 

but also the presence of metallic Fe. In an attempt to check this effect, 

17 - 
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the hydrogen evolution technique was repeated with a powerful complexing 

agent for ferric *on, Veraene, added to the acid solution. Under these 

conditions, the ferric ion should be stabilized, and its tendency to 

oxidize the metallic Fe reduced. Without the Versene, hydrogen evolution 

indicated the presence of < 0.5 Wt. % metallic Fe in FeO-114. No H. 

was evolved. The quoted figure is the sensitivity of the method. With 

the Versene, the concentration of metallic Fe appeared to be about 2#. 

This difference is beyond experimental error, and indicates that indeed 

metallic Fe was present in FeO-114. The fact that the percentage ob- 

served was so low is probably due to incomplete complexing of the ferric 

ion by the Versene. Thermodynamic calculations show that even with the 

versene, the combination of Fe 

respect to Fe 

3+ + metallic Fe should be unstable with 

Taken altogether, the evidence seems to indicate quite strongly 

that the so-called -f~^e^  ^s ^n reality a mixture of Fe_0, and metallic 

Fe. 

3.2 Shapes of Hysteresis Loops 

3.2.1 Introduction 

Until fairly recently, magnetic interactions between domains 

have been neglected in theoretical models of ferromagnetic materials. 

In single crystals this is justifiable, since continuity of crystalline 

axes throughout the specimen allows the magnetization within the domains 

to be arranged so that the divergence of the magnetization i3 every- 

where zero, and no internal demagnetizing field exist. In polycrystalline 

materials, on the other hand, this is not necessarily possible, and thu 

effects of internal demagnetizing fields must be considered. The local 

fields acting upon the domain become very uncertain, and precise cal- 

culation difficult. 

- 20 - 
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Neel   and Lswton and Stewart   have suggested that the 

magnetization of all grains is actually the same within a specimen, and 

the local fields are adjusted to make this possible. By taking the ap- 

plied field as the average over the specimen, they were able to calculate 

the normal induction curve of a sheet of silicon-iron, with only rough 
(8) (9) 

agreement with experiment. Neel   and Holstein and Primakoff   have 

taken the inter-grain interactions into account in the approach to 

saturation. The treatment of the shapes of normal induction curves and 

hysteresis loops of polycrystalline specimens is only very rudimentary, 

and needs much more work. 

The magnetisation process in single-domain particles is par- 

ticularly simple, since only rotation of the magnetic vector can occur. 

By studying the changes in magnetic properties as the conditions of as- 

sembling collections of these particles are varied* it should be possible 

to learn more of the magnetic interaction between the particles. Stoner 

and Wohlfarth    have calculated in detail the necessary equations for 

the behavior of non-interacting single-domain particles. The basic 

problem in accounting for the magnetic properties of compacts of such 

particles is to bring in the effect of their interaction. In principle 

this should be possible in a straightforward way provided one could specify 

completely the position and orientation of each particle, and provided 

one could handle the equations involved. Since both requirements are 

clearly impossible, it seems probable that some form of internal field 

theory must be used. In this approach, the interactions are lumped 

together into an internal field that is exerted upon a particular particle 

and that is added to the applied field. The properties of the compact are 

then equated to those of a collection of randomly oriented particles subject 

to thi3 total fi3ld. 

In earlier work on this project (P-2236-6, P-2236-9, 1-2236-2), 

this approach was applied to compacts formed by pressing a psly-domain 

carbonyl Fe powder (General Analine and Film Corp. P-818) with varying 

- 21- 
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amounts of sillea powder. The shapes of the hysteresis loops of the very 

dilute specimens could reasonably be accounted for in terms of quasi- 

ellipsoidal particle clumps and a Lorentz internal field. The use of a 

Lorentz field must be viewed with suspicion, however. This field is 

obtained theoretically by dividing the contribution to the total field 

at the particle in question into three parts: 

H, H + H, + H„ 
O     X    /L 

i 

H is the applied field, corrected for any macroscopic demagnetization 

due to specimen shape. H. is the contribution from the material beyond 

a certain spherical boundary, and H„ that from within this boundary. The 

spherical boundary is a fiction; it is drawn with the partic?.e at the 

center, and large enough in extent so that the material beyond it can 

be treated as a continuum- H, is simply and rigorously calculated: 

H «4sL. 
1   3 

Hp is in general not easy to calculate. For the special cases in which 

the moments of the volume elements within the sphere are arranged with 

spherical or cubic symmetry, H„ is zero. The interns,! field in this case 

is the Lorentz field 

H H + ^£- o   3 

For compacts of magnetized particles, there mu3t exist a correlation 

between the direction of the moment of a given particle and the arrange- 

ment of the moments of the neighboring particles. In general then, the 

spherical symmetry of the moments required for the calculation of H? as 

zero is not to be expected. Provided that the specimen be sufficiently 

dilute magnetically, this correlation may be weak enough to disregard. 

This is probably Lhe reason the Lorentz field achieved a limited success 

in the case of the carbonyl Fe particles treated previously. 

- 22 - 
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With the single-domain particles, the situation must be more 

complicated. Since each particle is permanently magnetized, the forces 

tending to hold the particles together must be very strong. It should be 

expected that the particles would be distributed as clumps rather than 

as particles. This in turn suggests that the magnetizing units could be 

taken as the clumps, and interaction between them accounted for with an 

internal field. 

Two sets of experiments can be reported here. One series of 

compacts was prepared consisting of a single-domain Fe powder diluted 

with various amounts of a fine silica powder. Another similar series 

was prepared from a finely divided sample of Ferroxdure (a permanent 

magnet material of composition BaFe..„0.._, obtained through the generosity 

of the Ferroxcube Corp.) mixed with varying amounts of a polydomain 

carbonyl Fe powder 'General Aniline and Film Corp. "HP"). The data on 

these two series of experiments can be presented, together- with some 

observations on the magnetic behavior, and some preliminary results en 

comparing the magnetic behavior of the single-domain Fe with Lorentz- 

field predictions.. The results of these considerations are mostly 

negative. An understanding of the magnetic behavior has only just begun. 

3.2.2 Single-Domain Iron Studies 

The single-domain Fe powder, Fe-85, had a particle diameter of 

about 200 2. As prepared, it was about 60^ pure metal, the rest being 

unreduced oxide. It was ball-milled briefly with various amounts of 

silica powder possessing a particle diameter of about 50 A, under benzene. 

The mixtures were transferred to acetone,, a small amount of Duco cement 

added, the acetone drained off and compacts pressed at 12 tsl. The 

magnetic measurements were made in a Sanford-Bennett    high-H per- 

•eameter on compacts l/k  in x 1/L  in x 1 in. 

Figures 3.5 and 3.6 give the upper half of the hysteresis loops 

and the normal induction curves, respectively, of the samples.  In 

- 23 - 
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Table 3-4 are listed the properties of the specimens. 

TABLE 3-4 

Magnetic Properties of Fe-85 Single-Domain Particle Compact: 

Specimen Composition 
**• 4*1 r IHC P f Ir/Is 

Wt %  Fe-85 gausse? gausses Oersteds 
0 

g/ora- 

A 100 3973 1873 680 2.484 ..41 .43 
B 87 3044 1091 707 2.111 .31 .36 
C 75 2357 735 c°3 2.079 .24 .31 
D 50 1496 428 630 1.536 .15 .29 
E 30 985 177 581 1.253 .10 .18 
F 0 0 0 ___ 1.06 0 0 

The values of saturation magnetization in the third column were obtained 

by extrapolation of plots of 4 it I against l/n    to infinite field strength. 

The volume fractions listed in column 7 were derived from the 

saturation magnetization 4nl of the powder itself: 

4*1 
f ' 4*1 

This in turn was estimated as hni    • 9800 by considering the densities and 

saturation moments of the samples. It is necessarily a rough value, 

good to no better than 10?. This is a surprisingly low value, compared 

to 22,400 for pure Fe, and indicates that extensive reoxidation of the 

specimen took place during the specimen preparation. 

The magnetic behavior of these specimens was not that expected 

for collections of single-domain particles interacting through any 

simple internal field. This latter mode], would not produce any irreversible 

change in magnetization in the region of positive fields when descending 

from saturation. Experimental!ly». irreversible changes clearly occurred 

- 26 - 



t   i 

THE FRANKLIN INSTITUTE • Laboratories for Research and Development 

F-2236 

in this region. Stoner and Wohlfarth   have shown that the ratio of 

remanent to saturation magnetization, I.VI > should be 0.5 for randomly 

oriented aingle-domain particles-. Experimentally, this ratio was close 

to this figure for the specimen containing only the Fe-85 powder. For the 

other?, the ratio decreased approximately as the volume fraction occupied 

by the Fe-85 powder, f. Finally, Neel    has shown theoretically, and 

Weil1s "  experiments tend to agree, that the coercive force should in- 

crease linearly as the volume fraction f decreases for single-domain 

particles. Experimentally; the coercive force observed for these specimens 

remained almost constant. 

As a first approximation, the behavior of these specimens was 

compared to that expected for a collection of single-domain particles, 

interacting through the Lorentz field. Stoner and Wohlfarth    have 

shown that for such a collection, the initial portion of the normal 

induction curve should be given bys 

where the effective field has been chosen as: 

Ho*¥ 
The initial slopes of these plots were used to calculate effective aniso- 

tropy constants for each specimen. The fields HT were then corrected 

for the factor —, and plots of I/I against this corrected field made. 
_}K S 

These are displayed in Figure 3-7. The solid line refers to theoretical 

values given by Stoner and Wohlfarth    for a randomly oriented collec— 

tion of single-domain particles. The expected behavior of these specimens, 

if they were behaving truly as single-domain particles, woiild be for the 

data for all specimens to fall upon the Stoner and Wohlfarth curve in 

this reduced plot. 

This discrepancy may be further pointed up by comparing the 

anisotropy constants derived from the initial slope, as above; from the 

approach to saturation; and from the coercive force. Becker and Doring 

have shown that the approach to saturation for a non-interacting randomly 

oriented collection of uniaxial domains may be expressed as 
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r, 
L" 

8K" 1 
105 I 2H2J 

(8) (9) Neel   and Holsteln and Primakoff   have shown that this expression 

must be corrected for interaction when  o 
4*Ic 

~H~ > 1.  In the case 

here, a is no larger than 0.5 at the high field strengths and for the 

most concentrated specimen. For the less concentrated, it falls to 0.1. 

In the present rough calculations, this correction was neglected. K was 
_2 

calculated from the slope of plots of 4*1 against H , which were linear 

within experimental error for the highest field strengths, above about 

5000 Oe. 

An anisotropy constant can also be calculated from the intrinsic 

coercive force. Stoner and Wohlfarth    give for this coercive force 

for the randomly oriented uniaxial single domain particles: 

TH   0.64K 

o 

Values for these anisotropy constants are compared in Table 3-5. 

TABLE 3-5 

Anisotropy Constants of Fe-85 Specimens 

imen Composition KT K, ^ I c 

ergs/cm ergs/cm^ 7„J ei-g»/ iiiu Oe 

A 100 Wt %  Fe 1.2 x 106 5.1 x 106 84 x 106 680 
B 87 lc4 5.8 .87 707 
C 75 1.6 6.3 .79 638 
D 50 1.4 6.3 .78 630 
E 30 2.4 8.5 .72 581 

/ 
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It is obvious that the single-domain model does not describe 

the behavior of these specimens. In part, this may be due to use of a 

Lorentz internal field. For the more dilute specimens, however, the 

internal field correction is very small, and the particular choice of 

the internal field can have little influence. On the other hand, the 

strong tendency of these particles to agglomerate into clumps may make 

the internal field approach an such subject to question. 

In an attempt to make the model more realistic, the properties 

of a slightly more sophisticated version have been studied. This work 

is far from complete, but it shows premise, and the results to date will 

be given here. 

In this model, the particles are assumed to be uni&xial and 

grouped in clumps, and the clumps are assumed to interact through an 

internal field, here chosen as the Lorentz field. The purely magnetic 

work done in assembling the particles into their actual configuration 

in the applied magnetic field is 

2 k.Sin> - H 
T i    i   o 

m.Cos a, - 1/2 f m r 5 } i ij ) 

where the sums are over all particles, k. is the anisotropy constant, 

including magnetostriction, for the ith particle, <j>.  the angle between 

the particle magnetization vector and the particle easy axis, K the 

applied field (corrected for surface demagnetizing effects), m, the 

particle moment, <x_. the angle between the particle magnetization vector 

and the applied field, and H. . the magnetic field produced by the jth 

particle at the ith particle, 

If the particles are grouped into clumps, and the clumps assumed 

to interact through a Lorentz field, then the las-; term may be divided 

by summing separately inside and outside the clumps: 

30 - 
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H  - ^i +  /   H 
3 / i U  3  J / i Hij 

4s 2 
3 i 

m.Cos a. + 
J / i  KU 

where 2  signifies that the sum is to be taken only over the particles 

in the same clump as the i£S particle. The total work then becomes: 

F -  ~ k.Sin2 4>,  -  H  2 m, Cos a 
li    i   o i i 

2n/Z y *- .-fC^.^a^-V^^j^Hy, 

The variable coordinates involved are the angles defining the magnetization 

vectors within the frameworV of their crystal axes. The determination 

of the values of these coordinates, which should determine the macroscopic 

magnetization vs= fijld strength relation, is then a problem in deter- 

mining the values >.hat minimize this work. 

In order to solve this problem, further simplifying assumptions 

must be made. The moments and anisotropy constants are assumed to be the 

same for all particles. Furthermore, specific configurations must be 

assumed for the clumps, and the interaction of the particles within the 

clump calculated explicitly. This latter is the truly involved part of 

the calculation. As a start, the simplest possible clump consisting of 

two spherical particles, was chosen. Further- it was assumed that their 

easy axes coincided, since this would be the position of minimum energy 

in the absence of an external field. The signetic interaction was ac- 

counted for by considering each particle to beba7e magnetically as an ideal 

dipole placed at the r.enter of the particle. 

A completely detailed calculation of the magnetization curve 

of a random collection of such clumps would involve numerical integration 

of the clump magnetization curves over all angles of orientation of the 

easy axes with respect to the field direction. This has not been completed. 

31 " 
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Consideration of the qualitative aspects of the model h&3 shown some 

correspondence with the data given above for the Fe-85 specimens, however. 

The interaction term F< r this type of clump is 

* 

i t i     *" 
1/2   £> m^   .       ^       h4 4 = x/2(m.,   .  &,-  '•• m^ •  "21'  • "h   " %2 

because of the symmetry of the magnetic energy expressions.    Referring 

to Figure 3-8, this becomes 

"l  *  H12 
12 

- S5    (2 Cos^-jCos^ - Sin^2^31x1 #^Cos(t1-t2)> 

Further,  Cos a     may be expressed as 

Cos a.  - Sin <t> -.Cos + ..Sin8 + Cos<p -Cos B 

Then for a given value of 8,  the minimization equations become 

(3.1)   ff^    - kSin2 0    - HtmCCos^Cos + jSinB- Sinfl^CosB ) 

2 
+ ~     } 2 Sin (p  Cos # 2 • Cos ^Sln * 2

Cos  (* i  - * ?5 " 0 

OF 
(3.2)    §r— = h"m SirifjSint    Sin 6- ~ Sin <t> :3in #2

3in( * 2" *2^ " ° 
1 r 

The equations in#? and y'2 are ay—r.strical with these. This symmetry sug- 

gests that in any solution, <p~.   • #„ •=0, and •, » - •.. •?- Physically, 

this means that both dipoles will make the same angle with respect to 

the easy axes, and will arrange themselves symmetrically on either side 

of the plane containing H* and the common easy axis. 

X   I 

H 
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An insight into the behavior of this model may be gained by 

considering special cases. 

Case (l): P Sin p- o; Cos p * -1 

The field H* is then directed along the easy axis, in the 

opposite direction to the magnetization vectors when <p-  0. Equation 

(3.2) becomes 
2    „ 

_8 J = o > Y Sin <j>  Sin2t 

There are two possible solutions to this equation 

a ) Sin <p = o 

b) Sin# /o, Sin 2+= o 

In the second case, the ertremum defined by the solution will be a minimum 

as long as 

d h 2m 

8 t' 
Sin 4>  Cos2t > o 

Both conditions together imply t - «/2. Therefore, when the magnetization 

vectors dc leave the easy axi3 (Sin <f>  becomes > o), they will do so in a 

common plane, as illustrated in Figure 3-9. It can be shown that equa- 

tions (3.1) and (3.2) will be correct if Cos2 + is set - -1 for the case 

of Sin#= o, as well. 

Returning to equation (3.1), the equilibrium value for <p may be 

obtained, using Sin {3 » o, Cos P » -1 and Cos2+ » -i 

2 
•— - o = KSin2 <j>- H»mSin£ * -~= Sin2 $ 
o* * 2r3 

collecting: 

2 
m 

(k + -1—) Sin20    = H»mSin <f> 

X 
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This is identical to the minimization of energy for a single-domain 
(9) 

particle   with the field directed along the easy axis. Thus for this 

case, the clump behaves like a single-domain particle whose anisotropy 

constant Its  given by 

k» = k + 
m 

2r^ 

Case 2: p • n/2   Sin p« 1    Cos p- o 

The field is then directed perpendicular to the mutual easy 

axis. Equation (.5.2)  becomes: 

(3.3) ^  - H»m S±n<p Sin t - — Sin2# Sin2* - 

A possible solution is Sin + =0, Cos +-1, +-0. This represents a 

minimum when: 

a2? ~ z 

• n'm SITIVUOST- 
r 

(3.4) 

- H»m Sin^Cost- ~ Sin20Cos2+>o 

Ht> 
2mSin^ 

r3 

Equation (3.1) becomes, using this solutionibr + 

~- = k Sin 2 <b- H»m Cos# '•• %~  Sin 2 <f>  - o 
3* 2r3 

(3»5) or ( k + ^2- Sin 2 <f>  - H«m Cos # 

V   2r7 
This is the energy minimization equation for a single-domain particle in 

a field perpendicular to the easy axis. One solution ±a 

Cos <p • o   #- it/2 

»T 
:,» 

-36 - 
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The second derivative becomes 

1 ~ /\ 8*F 

Where k" - k + ^~ 
2T* 

"his is positive only when 
2k + jta2. 

„•>*£  -  21 
m m 

2 k::Goa 2<£       H'ffi Sin 0 

- H'm - 2k» 

2 

For these fields, the condition of equation (3.4) holds, so 

that if • o is the proper solution of equation (3.3). A second solution 

for equation (3.5) is 

Sin <t> " 2^ 

The second derivative is then 

-i-2 « ?VM (1 _ 2  Sin <A > + H*m Sin <* > o 

For fields less than this upper limit, the condition of equation (3.4) 

then becomes 

H, > 2mSin <t>     m H*m
2/r3 

k + 3m~/2r 

I 
1 

which is always fulfilled. Therefore, over the entire range of field 

strength, the proper solution for equation (3?3) is +-0. The magnetic 

moments of the two particles of the clump move together, both in the 

- 37 - 
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plane defined by the applied field and the common easy axis. 

The overall behavior in this case is that of a single-domain 

particle with anisotropy constant k" • k * 3ffi_ . Furthermore, it can 
2I-5 

be shown by a similar analysis that this result holds for all values of 

ft from o to n/2. 

Case (2) corresponds to the situation for all clumps in the 

region of the approach to saturation. Therefore, the anisotropy constant 

per particle of this model calculated from the approach to saturation 

should be 

, 2 
k5 - k • 2s- 

2r:) 

For the initial slope of the magnetization, at least some of the clumps 

will correspond to Case (l), in which the effective field lies along 

the easy axis, directed against the particle moments, while some will 

correspond to Case (2). The anisotropy constant calculated from the 

initial slope should therefore lie between that for cases (l) and (2) 

2 ^_2 
k + ^S_ 

2r* 

m 
> k, > k + 

2I-"5 

Inspection of the data in Table 3-4 shows that in every case 

k„ >k... The analysis was not carried beyond this point; the conclusions 

must be limited to the observation that while a simple single-domain 

model does not fit the data, allowing for the formation of clumps appears 

to show promise in explaining certain features of the data. 

3.2.3 Mixtures of High and Low Coercive Force Powders 

In order to study the effect upon the magnetic properties of 

compacts of mixed materials of widely different intrinsic properties, a 

aeries of mixtures was prepared consisting of varying proportions of a 

- 38 - 
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5-micron carbonyl Fe(General Aniline and Film Corp. "HP") and powdered 

"Ferroxdure", obtained through the courtesy of the Ferroxcube Corp. 

This material is a permanent magnet oxide whose nominal composition is 

BaFe1201Q. For this experiment, a solid place of the cer&uiic was ball- 

milled until the particles were of the order of 0.1 to 2 microns in 

diameter. This was mixed with the appropriate amount of "HP" and ball- 

milled in a dilute solution of Duco cement in acetone. Compacts l/4 in. 

x 1/4 in.x 1 in.were pressed at 12 tsi. The magnetic measurements were 

made in the Sanford—Bennett   permeameter. 

The magnetic properties of these specimens are summarized in 

Table 3-6. 

TABLE 3-6 

Magnetic Properties of Ferroxdure-"HP" Compacts 

Wt %  "HP"    Density        4nl„ 4*1. 

100      5.21 g/cm3   141^0 at. 

S3 

62 

35 

0 

s 

eausses 

4.57 

4.03 

3.72 

T 1 *t f t\ 
J.IJ;U 

9100 
5300 

3100 

380 * 100 gausses 

1550 

i443 

1450 

TH 
I c 

11 Oe 

34 

243 

300 

2850 

The saturation magnetizations were calculated by plotting 4itl as a 

function of H~ in the region of field strengths from 2000 to 7000 Oe, 

and extrapolating to infinite field strength. For the compacts contain- 

ing either "HP" or Ferroxdure alone, the s&tui-alion moment per gram of 

the separate substance could be calculated* These values arei 

"HP" 

r errcxif urs 

Observed 

216 emu/g 

66 

Literature 

217.3^ emu/g 

70 (15) 
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The Ferroxdure was not completely saturated In the field strengths 

available here.    Figure 3-10 shows the coercive force as a function of the 

maximum field strength applied to the sample.    The maximum attainable 

"FIG. 3-10-EFFECT    OF   MAXIMUM    APPLIED     FIELD 

ON    INTRINSIC    COERCIVE    FORCE    OF   "FERROXDURE 

MAXIMUM      APPLIED      FIELD,    H x 10 

coercive force has not been reached. The extrapolation to saturation is 

thus much worse than in the case of "HP", which probably accounts for 

the low observed moment/g. 

Figure 3-11 shows the normal induction curves and hysteresis 

jLuopa Ox onese specjjnsns. ?igur6 3-12, the demagnetizing portions 

are shown in greater detail* The outstanding characteristic of these 

curves is the sharp reduction in coercive force that occurs with a 

small addition of "HP". At 35* "HP" by weight (25* by volume), the 

intrinsic coercive force drops from 2850 to 800 Oe. At the same time the 

shape of the hysteresis loop changes radically. The shouldar in the 

demagnetizing portion disappears, and the normal induction curve no 

-40 - 
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longer exhibits a point of inflection. The remanent magnetization* on 

the other hand, stays high up to 5056 WHP" by volume, and then drops 

rapidly. This drastic effect upon the coercive force of the presence 

of low-coercive material is in line with the results of Meiklejohn 

on mixtures of Fe powders, and points up the importance of taking into 
i 

account the interaction between the particles in interpreting the behavior 

of these materials. 

3.3 Effect of Degree of Reduction on Magnetic Properties of Single-Domain 

Particles 

In Progress Report P-2236-10, it was pointed out that for a series 

of powders of roughly the same particle size, but of varying degrees of 

reduction, the intrinsic coercive force did not appear to depend markedly 

upon the degree of reduction. Because of the sensitivity of the coercive 

force to particle size it is important to maintain the same particle 

size in such a comparison. This experiment hac therefore been r-apeated, 

taking greater care to maintain the same size. Degrees of reduction 

were Treasured by hydrogen evolution, and correspond 1.3 weight percent of 

1 free Fe present in the specimen. Pressed (12 tsi) bars were prepared, 

I   , using Duco cement as a binder, having dimensions 1/4 in x 1/4 in x 1 in. 

The magnetic measurements were made using the Sanford-Bennett>'""' 

permeameter. The data is given in Table 3-7° 

TABLE 3-7 

Magnetic Properties of Partially Reduced Fe Powders 

Sample Particle Diam«ter % Re 

Fe-115 187 X 42.9 
Fe-116 174 59.6 
Fe-121 165 68.0 
Fe-120 190 WfaKf 
Fe-122 182 95.0 

(IHc) Density 

521 0e 2.66 g/cm3 

699 2.31 
734 2.56 
r*^^ - £.1 
f *•*• A. . VJX 

630 2.65 

k'3  - 
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In Table 5-7,  the first column gives the samole designation, the second 
" (17) 

the particle diameter measured using Warren's    simple technique on 

x-ray diffraction line broadening (see Quarterly Report P-2236-8), the 

third the degree of reduction, the fourth the intrinsic coercive force, 

and the fifth the densities of the compacts. The intrinsic coercive 

force and the density is plotted in Figure 3-13 against the degree of 

UJ 
o 
cc 
o 

> 
5   »oo 

o 
o 

o 

t 

/       FIG. 3-13— PROPERTIES    OF 
-^-COMPACTS    OF    SINGLE - DOMAIN-j*-« 

IRON    POWDERS 

E 
u 
V. 

UJ 

a 

eo TO to 

DEGREE   OF   REDUCTION 

reduction. The maximum coercive force occurs near 70$ reduction. This 

measured coercive force is dependent to some extent upon pressing con- 

ditions, however. Although all specimens were given identical pressing 

treatments, the densities vary quite widely. This variation may be due 

to accidental differences in pressing, or to real differences in pressing 

characteristics. At be3t, it can be said as a practical matter that 

under identical conditions, a small maximum in the coerciv9 force appears 
(18) 

at about 70$ reduction. Lithl  ' found a maximum at about 65$, although 

, l 
-44- 
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in his work no attempt was made to keep the Fe particle size uniform. 

The degree of reduction seems to have only a slight effect on 

the coercive force; on the other hand, reoxidation has been observed to 

have a drastic effect, although this has not been put on a quantitative 

basis. Storage of these powders vnder commercially-obtained benzene or 

acetone for as little as several weeks resulted in a large decrease in 

free-metal content and in magnetic properties. By adding a small amount 

of CaH to the benzene storage bottle, however, the benzene could be 

dried very effectively, and the reoxidation apparently stopped. Under 

these conditions, the powders have been stored for periods up to several 

months without appreciable change. 

Reoxidation also occurs with the powders in the form of pressed 

compacts, even when about 70$ by Wt %  Duco has besn added before pressing. 

Adequate protection, however, could be given the compacts if, immediately 

after forming, they were evacuated and then covered with a solution 

4 Wt %  of Acryloid* in acetone, so that the compact is impregnated by 

the resin. Table 3-8 shows the results of tests on impregnated and 

unimpregnated specimens. 

TABLE 3-8 

Reoxidation of Single -Domain Fe Compacts 

Material Date I c 4*1 r 4*1 s Impregnated 

Fe-105 9-30-53 
1-18-54 

545 
519 

2047 
2020 

5004 
5025 

No 

Fs-106 9-30-53 
1-18-54 

441 
349 

817 
800 

2755 
2660 

.No 

Fe-104 10-30-53 
1-18-54 

171 
170 

1142 
1176 

5043 
5029 

Yes 

Fe-107 11-2-53 
1-18-54 

401 
394 

1S?8 
1515 

4560 
4523 

Yes 

* Thermoplastic resin, Rohm and Haas Company 
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Reoxidation affected the coercive force most strongly. It was almost 

completely inhibited by the impregnation. 

3.4 Permanent Magnet Properties of Fe Powders 

While no direct attempt was made during this work to achieve 

high (BH)   values, from time to time promising powders were pressed at 

a variety of pressures to check their permanent magnet properties. The 

result of such an experiment was reported in Progress Report P-2236-ll. 

The moment per gram of thoso specimens, expressed as 4itl /P , was of the 

order of 1840 gauss cm /g, as compared to 2730 for bulk Fe. This low 

value must have been due to reoxidation of the specimens during prepar- 
6      3 

ation, and was attended by a low (BH)   of about 0.45 x 10 ergs/cm . 

The powder itself was originally 80$ by weight free metal, which should have 

resulted in 4itl /p , no less than 2180 gauss-cm /g, but chemical analysis 
s 

showed a drop to 60$ by weight free metal, corresponding to 4'*I /p of 
3 s 

no less than 1640 gauss-cm /g. A similar experiment was run subsequently. 

Fe-124, which analyzed to 85$ by weight free Fe and possessed an x-ray 

diameter of 171 X, was pressed into bars 1 1/4 in. x l/3 in.x about l/l6 

in. at pressures from 40 to 100 tsi. The pressing was done by the group 

at Lehigh University under Frofessor Joseph Libsch. The powder before 

pressing and the compacts after were kept under benzene dried with CaH2. 

The magnetic properties are summarized in Table 3-9, and the demagnetiz- 

ing portions of the B-H curves are shown in Figure 3-14. 

- 46 - 



... ..v ... -- »-V -- -.       .    - 

THE FRANKLIN INSTITUTE Laboratories for Research and Development 

F-2236 

s. tO tO -* cv -* 
lf\ U"\ lf\ NO sO 

n 0 O 0 0 ir\ u-\ 
M sO cv -3- c- O 

£ 
in 
<n 
3 

S en 
CM 

TO 
H cS CV 

" 
at 
60 

<*>_• t» ITS vO W\ a O CO cv ir\ t*- 
«V 0 en 0 q O 

to bo en c~. en -* -4 
•p 
0 
cd 
0. 
S vC 
O W **\- O 
O I e 

0 
rH 

-4 *^N \, X 
?i EC 

pa 
n 
bO en en en w\ CV 

1 t, eo 0 ir\ O 0 
(D 0 • c • • • 

[*< 

0 
O 

en n 0) &a 4) 0 P C- -* 8 IT\ <x> 
M •H 5C in 3 m ir\ tr\ 

9 -P 
U 

m 
4> 

-* ir\ en en 
E-< 

fX 

1 
>H 

O 

n 
O r-l « 

P 
O S 8 O 

8 
O en 

•P P a) C-- en O c- 
0) bfl -T in en NO u-\ 
£ -4 

£ 
V) n 3 0 O 0 rH 

r-i 0} en vC cv -4 
3 cv c- 0 CJv 

P a) * •» •* «t ai 
bC to 0 u> 0 to 

-3- H 

C 
fc « 
5 •H 0 O C § 8 n U -4 vO v£> 
0 +•> r-l 

£ 

g «* pa O Q W 

1 1 
- 

0 H a 1 
0) 

co fa 

-47- 



».*&«£&*££&?&>'—.£&. .       t - - - 
.      .----WMKgWH     *•>,«•• .»   s> , 

•        • 

THE FRANKLIN INSTITUTE   •  laboratories for Research and Development 

CO 
\- o 
< a. 

o 
o 

co 
UJ 
\- 
oc 
LU 
CL 
O 
or 

o 
i— 
U.I 

CD 
< 

^- PO 

(sassno6)£_oi   X a 

REPORT   F-2 2 36 FIGURE   3-14 

- 48 - 



**iKJS&TM*m~-' -'' - 
-r -•~---<i9&Qm*    #s, • • 

THE FRANKLIN INSTITUTE   •   Laboratories for Research and Development 

1-2236 

Specimen Fe-124-C became quite hot during pressing, indicating 

that considerable reoxidation took place.  Its properties are close to 

those in the previous experiment discussed above. The other specimens 

all exhibit considerably higher values of kit  I /p ,  lower coercive forces, 
s 

and higher densities- Apparently, in conformity to the suggestion of 

Lihl   , the oxide layer imposes a minimum closeness of approach of the 

dodiinant Fe cores of the particles. This enforced separation -esults in 

a high coercive force and a low saturation magnetisation. Tha maxjrmm 
6      ° 

(BH)   value, 0.95 x 10 ergs/cm'', is found for the material that is 
max ° 

apparently the least oxidized, Specimen D. This maximum value is associ- 

ated with a rather low coercive force, 355 Ce, but a high remanence to 

saturation ratio. This ratio, for non-interacting, randomly oriented 
(9) 

single domain particles, should be ~ 0.5  . It seems probable that par- 

ticle interaction should tend to reduce the ratio since the magnetized 

state must represent a lower entropy state than the demagnetized, and 

particle interactions should provide the high, local fields necessary 

to allow domain orientations to assume more or less random distributions. 

It is probable, therefore, that a preferred direction exists within the 

compacts and coincides with the direction of measurement. 

As a working hypothesis, the following is suggested. For the 

powders without an oxide layer, a certain amount of effective particle 

growth can take place under the influence of the pressure. This occurs 

in such a way as to introduce a slightly preferred direction}  magnetically 

speaking, and a lower coercive force because of the effective particle 

size increase. 

The (BH)   vain* noti»d here, 0i95 x 10 ergs/cm'', is not 
max ,19x 

especially high. French workers    have reported the following: 

L9 - 
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Material 

Formate Fs 
11 

11 

it 

+ 1% CaO 
11 

Density 
o 

g/cnr 

6.5 

BHc 

Oerated'j 

4nlr 

Gauss 

(BH) 
IIULX. 

ergs/cm3 

410 5700 1.0 x 10 

400 5500 .95 
550 5 SCO 1     orr 

425 6500 1-19 

Th vaj.ue 01 v^n/ max reported here about matches the best observed for 

pure Fe. This has been achieved in this case with a higher remanence 

and a lower coercive force than in the French case. Considerably higher 

(BH)   values are noted for the powders produced with  unreducible 

oxides added. In this table, these (BK)   values were calculated by max * 
assuming that the ratio (BH)  /B B. is the same, 0.43, as for our nicOC re 1 
Specimen Fe-124D. The highest value noted above, 1.37 x 10 , agrees 

with the value of 1.36 x 10 given by Weil    as the best produced 

with Fe powders. The remanence of the French magnets wa3 of the same 

order as in our specimen Fe-124-D, but the coercive forces were higher. 

This increase in coercive force produces the increase in (BH)   values. max 

The hypothesis discussed above, together with thsss observations, 

suggests that in order to attain the maxiirum (BH)  , the powder chosen - ° max 
should, if it is pure Fe, possess a particle size slightly smaller than 

thax. corresponding to the maximum coercive force in the loosely compacted 

state. Particle growth occurring during pressing should then not have 

so drastic an effect on the coercive force. 

3.5 Alloy Powders 

The high coercive forces expected of single domain ferromagnetic 
(21) 

powders are considered    to arise from magnetocrystalline anisotropy- 

shape anisotropy, or magnetostriction and stress. Of these, the first 

should be the easiest to control, since it depends only on the crystal 

" 50 
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phase present. During the course of this program, some ar-:«rinients were 

conducted with two alloys expected to have high magneto-cry.>«~ alline 

anisotropies. 

The first of these, the alloy whose composition is FePt, has 

.(22) +, been reported 

anisotropy mi§ 

forces as high as 10,000 oersteds for fine powders of this alloy. Work 

bo possess a tetragonal ordered phase, where high 

anisotropy might be sxpscted. Weil' "  naa reported intrinsic coercive 

here progressed only to the poir showing that fins powders of approx- 

imately the right composition and crystal phase can be produced by re- 

duction of FePtCl,. 

The second alloy considered was that of composition FeBe„. The 

magnetic data available in the literature indicate that reasonably interest- 

ing magnetic properties should be exhibited by single-domain particles. 

Table 3-10 contains these expected properties. 

TABLE 3-10 

Expected Magnetic Properties of Single-Domain FsBe. Powders 

Property 

X-ray Density 

Saturation Moment per gram 

Saturation Volume Magnetization 

Magnetocrystalline Anisotropy 

Curie Temperature 

Domain Wall Energy 

Value 
•a 

4.6 g/cm 

169.3 cgs 

785 gauss 

K, = 1.7 x 10 ergs/cm"3 

643 °C 

219 ergs/em 

Reference 

24 

25 

a 

b 

25 

c 

- 51 - 
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TABLE 3-10 (cont) 

Expected Magnetic Properties of Single-Domain FeBe2 Powders 

Property 

Critical Radius for Single 
Domain Particles 

Maximum Intrinsic Coercive 
Force for Spheres 

Maximum Remanence 

Crystal Lattice 

Value 

336 8 

Reference 

d 

jo or. r»e e 

4930 Gauss e 

MgZn, Typo 24 

a - 4.212 % 24 
0.  - 6.334 8 24 
d •= 2.57 X - Ave. Fe-Fe 24 

Separation 

sntm 

NOTES: 

a. The saturation volume magnetization was calculated from the x-ray 

density and the saturation moment per gram. 

b* The magnetocrystalline anisotropy constant was estimated from the 

approach to saturation data. Meyer and Tagiang    plotted I vs H~ , 

and obtained as a value for A, the coefficient of magnetic har4v.es5i 

in the equation 

I - I (1 - A) 
0    H 

A = 415 0e 

Cobalt shows a value of about 1000. Assuming these values are in the 

*   * -52- 
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NOTES (cont) 

same ratio as the anisotropy constants, and using K, • 4.1 x 10 
• 3(2) 

ergs/cia   lor Co, the value of K. for FeBe• in the table was 

calculated. This is only a very crude estimate. 

,,(21) 
Kittel gives for the wall energy of a domain 

r kT L "I 
c 1 

w 

1/2 

The estimated anisotropy constant K. given above and the values for 

the Curie point Tc and the Fe-Fe separation d given in the table were 

used in this calculation. 

d. For the critical radius for high anisotropy uniaxial crystals. Kittel 

ffives 
93 

(21) 

0 
4*1, 

For non-interacting luiiaxlal single-domain particles, the maximum 
(9) intrinsic coercive force is expected to be 

2K, 

IHc^ 

and the maximum remanence (9) 

T  .. r\   r T 

r       3 

FeBe0 is a definite phase (c-phase) with a congruent melting 
(?6^ 

point at 1480°C   . Melts were prepared of this phase in a straight- 

forward fashion. The composition and homogeneity were checked by 

standard chemical techniques. X-ray patterns showed only the desired 

phase. The sample chosen for further study analyzed to 70.4 tc 71»3 Wt % Fe, 

a 
- 53 - 
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or 27.3 to 28.6 at %  Fe. This is well within the e-phase region^  . 

The material was ground in a Plattner mortar, and screened throurh » 

325 mesh screen. This was then further fractionated by settling through 

a vertical column of benzene in the center of a vertical solenoid. The 

fractions dropping out at various field strengths were collected, and 

the magnetic properties measured in loose powder form in the permeameter. 

The x-ray patterns of these finely divided powders still showed 

only the desired c-phase   . No line broadening was observed, indicat- 
o 

ing the crystallites were ">  1000 A in diameter. Electron micrograph 

particle size counts of the fractions were made. Table 3-11 summarizes 

the data on these fractions. 

TABLE 3-11 

Properties of FeBe^ Powders 

Specimen 
d 4ras 4ul 

r TH I c T    S 

micron3 Gausses Gausses noi*ofaH a 

C-FeBe2-4-l 3.1 1173 124 48 .11 

C-FePe2-4-2 3.2 1463 100 44 .07 

C-FeBe2-4-3 2.7 1780 196 53 .11 

C-FeBe2-4-4 1.6 1787 155 48 .09 

C-FeBe2-4-4.4 .4 2278 505 68 .22 

I11 the table, d is the number average particle size, determined from counts 

of electron micrographs. The distributions were quite broad, and too much 

significance cannot be attributed to the quoted sizes. It is obvious that 

the single-domain size was not reached. The ratio 1^1 » which exceeds 

0.5 in single domain Fe, was never above 0.22. Regrinding of the finest 

powder* produced no essential change in its magnetic properties. Apparently 

the lower limiting particle size attainable by grinding had been reached. 
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It was proposed to produce FeBe2 powder by reduction of Be2Fe(CN),. 

This was precipitated from a mixture of BsCl,, and K.Fe(CH), solutions in 

a straightforward way. Preliminary experiments showed that no simple 

thermal decomposition occurred with this compound as it did with ferrous 

formate. F^duction with CaH2 indeed producsd a fine ferromagnetic powder, 

but it contained considerable O-Fe. The experiments were not carried 

beyond this point. 

4. SUMMARY 

The work of this program, over the three years of its existence, 

has been mainly that of determining clearly the factors controlling the 

particle size, and perhaps shape, of Fe particles produced by reduction 

from oxides. The oxide produced by thermal decomposition of ferrous 

formate was shown to be basically Fe„0,, with considerable metallic Fe 

present. When the oxide crystallites are of the order of several hundred 

angstrom units across, each oxide crystallite produces one Fe particle 

during low temperature reduction. 

By selecting the appropriate particle size, produced under 

completely controlled conditions, reasonably high (BH)   values, of the 
/      ,, max 

order of 0.95 X 10 ergs/cm , were obtained in compacts of these Fe powders. 

The evidence indicates that the highest values should be obtained by 

selecting particles whose dimensions are somewhat smaller than those 

possessing the maximum coercive force in the loose powder. For these 

particles, agglomeration under pressure should tend to increase the 

coercive force slightly rather than reduce i'r^    It is important, to prevent 

r-eoxidation in order to obtain the best magnetic properties. 

The magnetic behavior of compacts of these single-domain particles 

does not fit the theory given for non-interacting single-domain particles. 

It has been shown that the discrepancies observed between theory and ex- 

periment are probably due to local interactions between particles within 
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clumps. These interactions might be understood by considering simple 

configurations of the particles in clumps, and extracting general types 

of behavior from these configurations. A start was made upon this, but 

it is too early to judge the success of this approach. 

FeBe2 is an alloy showing promise of interesting properties in 

single-domain particle form, Rough calculations indicate a critical 

diameter of about 350 A for single-domain particles. For particles with 

diameters down to about 4000 A, prepared by grinding, the coercive force 

increases slightly with decreasing particle size, but the single-domain 

region has not been reached at this writings 

Alan D. Franklin OULJUJ. \&±A»» 
Project Leader 
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